Moradkhan R, Spitnale B, McQuillan P, Hogeman C, Gray KS, Leuenberger UA. Hypoxia-induced vasodilation and effects of regional phentolamine in awake patients with sleep apnea.
OBSTRUCTIVE SLEEP APNEA (OSA) is highly prevalent and is associated with increased cardiovascular risk. While the mechanisms of cardiovascular complications in OSA remain unclear, vascular dysfunction is thought to play an important role (12, 15, 33) . Potential causes of vascular dysfunction in OSA include heightened sympathetic vasoconstrictor tone (5, 25, 44) , reduced bioavailability of the endothelium-derived vasodilator nitric oxide (NO) (14, 42) , elevated levels of endothelin (37) , mediators of inflammation (43) , prothrombotic factors (4, 9) , and oxidative stress (21) .
Surprisingly few investigations have examined the vascular responses to systemic hypoxia in humans with OSA, a disorder characterized by intermittent nocturnal hypoxia. In healthy humans, acute systemic hypoxia leads to skeletal muscle vasodilation despite an increase in sympathetic nerve activity (24) . However, it has been reported that unlike controls, awake and regularly breathing patients with OSA exhibit a pressor response to brief bouts of isocapnic hypoxia (11) . Furthermore, it has been reported that vasodilation evoked by exposure to hypoxia is attenuated in some patients with OSA (40) . More recently, it was demonstrated that the sympathetic neural responses to systemic hypoxia are enhanced in OSA compared with controls and normalize in part following treatment with continuous positive-airway pressure therapy (13) . Collectively, these findings suggest that skeletal muscle vasodilator capacity in response to acute hypoxia may be impaired in OSA possibly due to high sympathetic tone.
In this report we examined the vascular responses to acute hypoxia in the limb circulation in awake patients with OSA. In view of the known sympathetic (13) and vascular dysfunction (7, 12, 15, 33) , we hypothesized that hypoxia-induced skeletal muscle vasodilation is impaired in OSA and is normalized by regional ␣-adrenergic block with phentolamine.
METHODS

Subjects
Twenty patients with newly diagnosed and untreated OSA and 15 overweight but otherwise healthy control subjects participated in two experimental protocols. Six of the OSA patients and four of the controls participated in a prior study on sympathetic neural control during hypoxia (13) . Subject characteristics are shown in Table 1 . Before testing, all participants underwent a history and physical examination and completed a standard full-night polysomnogram, and in female subjects pregnancy was excluded. None was a smoker. OSA patients were recruited through the Sleep Disorders Clinic of the Hershey Medical Center. An apneahypopnea index Ն 20 events/h and daytime hypersomnolence were required for inclusion in the study. Control subjects were recruited locally and OSA was excluded via polysomogram (apnea-hypopnea index Ͻ 5 events/h). Subjects avoided caffeine, alcohol, and exercise for 24 h before testing. Two patients and one control were on a beta-blocker, three OSA patients and three controls were on an angiotensin-converting enzyme inhibitor or angiotensin-receptor blocker, and one OSA patient and one control were on a calcium antagonist. Because of safety concerns, these medications were not withheld before the study. Three OSA patients and one control subject were on a diuretic that was held on the morning of the study. Of the seven women who participated in our study, three were postmenopausal, two others had previously undergone hysterectomy, and the only two menstruating women took part in protocol 1. In both protocols patients and controls were well matched with regards to age, sex, body mass index, and medication use, except for body mass index in protocol 2, which was lower in the controls (OSA vs. controls 34.3 Ϯ 1.3 vs. 29.7 Ϯ 1.6 kg/m 2 ; P ϭ 0.04). The experimental protocol was approved by the Institutional Review Board, and written informed consent was obtained. The studies were conducted in the General Clinical Research Center at the Milton S. Hershey Medical Center during the daytime hours. The studies were performed on awake subjects in the supine position at a room temperature of 21-24°C.
Measurements and Procedures
Blood pressure and heart rate. Mean arterial pressure (MAP) was monitored beat-by-beat with a finger photoplethysmographic device (Finapres, model 2350; Ohmeda, Englewood, CO) (36) and was verified with an automated sphygmomanometer (Dinamap, Critikon, Tampa, FL). Heart rate was monitored by two-lead electrocardiogram.
Oxygen saturation, minute ventilation, end-tidal CO 2. Oxyhemoglobin saturation (SaO2) was measured with an ear oximeter (Biox pulse oximeter, model 3740; Ohmeda, Boulder, CO). To monitor minute ventilation and end-tidal CO 2, a tight-sealing face mask with separate inlet and outlet valves for inspired and expired air was placed and was connected to a respiratory gas monitor (Ohmeda RGM 5250; Ohmeda, Louisville, CO). The inspiratory line was connected to a reservoir bag containing the experimental gas mixture. Chest movements were monitored via a strain-gauge pneumograph.
Femoral and brachial arterial blood flow and vascular conductance. Femoral or brachial artery (forearm) blood flow was determined by Doppler ultrasound (ATL 5000; Philips Medical Systems, Bothell, WA). A 5-to 12-MHz linear-array transducer was placed over the femoral artery (ϳ2 cm below the inguinal ligament) or the brachial artery (ϳ10 cm above the antecubital fossa). Mean blood velocity (MBV, cm/s) was measured at an insonation angle of Յ60°with the sample volume approximately equal to the size of the artery (32) . Vessel diameter was measured at end diastole in a longitudinal view as the distance between the near-and far-wall intima-media interfaces, and cross-sectional area was calculated as r 2 (cm 2 ), where r is vessel radius (cm). Blood flow (ml/min) was calculated as Q ϭ r 2 ϫ MBV ϫ 60. Vascular conductance (C, ml·min Ϫ1 ·mmHg Ϫ1 ) was calculated as C ϭ Q/MAP.
Skin blood flow. To assess the contribution of skin blood flow to the total limb blood flow responses to the experimental interventions, skin blood flow was determined with a laser-Doppler diode (Laserflo BPM, Vasomedics, St. Paul, MN) positioned over the volar surface of the forearm and was expressed in arbitrary units. Skin vascular conductance was calculated as skin blood flow/MAP.
Microneurography. Peroneal microneurography was used to determine muscle sympathetic nerve activity (MSNA) as described previously (25) . The microneurographic recordings were made with tungsten microelectrodes that were inserted percutanously into the peroneal nerve to record from sympathetic efferent fibers innervating skeletal muscle. The filtered, amplified, rectified, and integrated nerve traffic signal was digitally stored on a computer (PowerLab, ADInstruments) at a sampling frequency of 400 Hz. MSNA was expressed as burst incidence (bursts/min) and units per minute (average burst amplitude ϫ bursts/min).
Experimental Procedures
Protocol 1. Following instrumentation and obtaining a suitable MSNA site, the facemask was positioned securely and checked for leaks. After acclimatization, the Doppler probe was placed over the femoral artery of the opposite leg and measurements of hemodynamic and ventilatory parameters, MSNA, and femoral blood flow were made over ϳ5 min. The facemask was then connected to a hypoxic gas mixture for 5 min [fraction of inspired oxygen FI O 2 0.1], and hemodynamic and ventilatory parameters, MSNA and femoral blood flow were determined during the last 2 min of hypoxia. The subjects were then returned to room air.
Protocol 2. A separate group of subjects was exposed to hypoxic stress before and following regional ␣-adrenergic block in the forearm with the nonspecific ␣-adrenoceptor antagonist phentolamine administered via Bier block technique as described previously (30) . Following measurement of forearm volume by the water displacement technique, a catheter was placed retrogradely into a deep antecubital vein. Pneumatic cuffs (5 cm) were positioned at the wrist and just above the antecubital fossa. The facemask was then placed and brachial blood flow was determined by ultrasound as described above. Before each flow measurement, the wrist cuff was inflated to suprasystolic pressure (250 mmHg) to exclude blood flow to the hand, which predominantly consists of skin (23) . Baseline measurements of brachial blood flow and ventilatory and hemodynamic parameters were obtained over ϳ5 min. Hypoxia was then induced as described above and maintained for 10 min. Hemodynamic and blood flow measurements were made at minutes 4 -5 and 9 -10 of hypoxia. The facemask was then disconnected and the subjects breathed room air.
For the Bier block, the forearm was elevated and exsanguinated with a compressing bandage, and the upper arm cuff was inflated to 250 mmHg to occlude forearm blood flow. The bandage was removed, and phentolamine mesylate (0.12 mg/100 ml of forearm volume, dissolved in 40 ml of saline) was instilled into the venous cannula and allowed to diffuse into the forearm tissue while the forearm was kept ischemic for 20 min (30). The arm cuff was then released and following a 10-min recovery period and reestablishment of basal blood flow, the hypoxia exposure was repeated as described above. We demonstrated previously that this procedure markedly attenuates sympathetic vasoconstriction in the forearm (30) . While the period of forearm ischemia is accompanied by moderate discomfort, this resolves promptly on restoration of blood flow.
Statistical Analysis
Comparisons of baseline characteristics, MSNA, blood flow, and vascular conductance between OSA and controls were made with the nonpaired t-test. Two-way repeated-measures ANOVA was used to determine effects of the interventions. Post hoc tests for simple effects were performed to compare OSA and control data at each time point. For multiple comparisons, P values were adjusted by the Bonferroni method (SAS version 6.12; SAS Institute, Cary, NC). The data were expressed as means Ϯ SE. Statistical significance was defined as P Ͻ 0.05.
RESULTS
Protocol 1: Effects of Systemic Hypoxia (FI O 2 0.1; 5 min) on Neurocirculatory Parameters in OSA (n ϭ 10) and Controls (n ϭ 8)
Hypoxia was associated with similar and statistically significant (P Ͻ 0.05) increases in heart rate (OSA: from 64 Ϯ 3 to 75 Ϯ 5 beats/min; controls: from 66 Ϯ 3 to 78 Ϯ 3 beats/min), minute ventilation (OSA: from 8. from 39 Ϯ 1 to 36 Ϯ 1 mmHg) and SaO 2 (OSA: from 96 Ϯ 1 to 84 Ϯ 2%; controls: from 97 Ϯ 1 to 83 Ϯ 1%) while MAP did not change significantly (OSA: from 104 Ϯ 3 to 107 Ϯ 5 mmHg; controls: from 102 Ϯ 5 to 106 Ϯ 5 mmHg).
The effects of systemic hypoxia on MSNA and on leg blood flow and leg vascular conductance are shown in Table 2 . Compared with normoxia, during hypoxia MSNA increased in both groups, and for bursts per minute this increase appeared to be more pronounced in OSA. Although mean leg blood flow and leg vascular conductance at baseline and during hypoxia were higher in OSA than in controls, these differences did not reach statistical significance. The effects of hypoxia on MAP, heart rate, minute ventilation, end-tidal CO 2 and SaO 2 are shown in Table 3 . Similar to protocol 1, during hypoxia before and after phentolamine, both groups exhibited increased heart rate and minute ventilation, while end-tidal CO 2 and SaO 2 decreased and MAP did not change. However, following phentolamine, MAP increased in both OSA and controls.
The effects of systemic hypoxia on forearm blood flow and forearm vascular conductance are shown in Table 4 and Fig. 1 . Baseline forearm blood flow (P ϭ 0.09) and vascular conductance (P ϭ 0.06) tended to be higher in OSA than controls but this was less apparent when blood flow was normalized for forearm volume (P ϭ 0.23 and 0.16, respectively). In both groups, before phentolamine, hypoxia was associated with statistically significant increases of forearm blood flow and vascular conductance. Furthermore, in both groups, following phentolamine, the forearm blood flow and conductance responses to hypoxia were markedly enhanced. However, the percent increase from baseline at 5 and 10 min of hypoxia in OSA was not significantly higher than in controls. Following regional ␣-adrenergic block, in both groups forearm skin blood flow and vascular conductance increased mildly but the differences did not reach statistical significance [P ϭ not significant (NS)]. However, in OSA and controls, before and following regional ␣-adrenergic block, hypoxia had no effect on skin blood flow and vascular conductance (data not shown).
DISCUSSION
The principal new findings in this study are, first, that despite increased basal sympathetic nerve activity and sympathetic chemoreflex activity, limb vasodilation in response to acute hypoxia is preserved in OSA compared with controls. Second, in OSA and controls alike, regional ␣-adrenergic block enhances hypoxia-induced vasodilation in the forearm by a similar degree. Taken together, these findings suggest that during acute hypoxia in awake patients with OSA, neural vasoconstrictor activity is offset by enhanced metabolic vasodilator activation.
Several prior reports demonstrated that sympathetic nerve activity is chronically elevated in OSA compared with nonapneic controls (5, 25, 44) . It has been postulated that this is due to a carryover effect of intermittent hypoxia that results in resetting of the arterial baroreflex (6, 29) and/or altered activity of the arterial chemoreflex (13, 27, 31) . Several other reports suggest that vascular function is impaired in OSA. Carlson et al. (7) and Kato et al. (17) reported attenuated forearm blood flow responses to acetylcholine in OSA, a characteristic feature of endothelial dysfunction. Reactive hyperemia, an index of maximal vasodilator capacity, was reduced in OSA, and improved following continuous positive-airway pressure therapy (12) . Similarly, OSA was found to be associated with decreased flow-mediated dilation of the brachial artery, a biomarker of endothelial dysfunction, as a function of the apneahypopnea index (15, 33) . Potential explanations for vascular dysfunction in OSA are downregulation of nitric oxide (NO), or, alternatively, enhanced vasoconstrictor tone. Indeed, decreased circulating NO (14, 42) , increased levels of the endogenous NO synthase inhibitor asymmetric N G -dimethylarginine (ADMA) (35) , the vasoconstrictors endothelin-1 (37) and thromboxane A 2 (20) , activation of the renin-angiotensinaldosterone system (1), and increased vascular oxidative stress (21) have been reported in OSA, all of which could contribute to impaired responses to vasodilator stimuli. In view of increased sympathetic nerve activity and vascular dysfunction, one might therefore expect that the capacity of skeletal muscle arterioles to vasodilate in response to hypoxia is reduced in OSA.
Blood flow and vascular conductance in the leg and forearm during hypoxia tended to be higher in OSA than in controls although, possibly due to the limited sample size, these differences did not reach statistical significance. Importantly, in contrast to our hypothesis, our data suggest that during moderate systemic hypoxia limb vasodilation is preserved in OSA and in the forearm is at least equal to that reported previously in acutely hypoxic healthy young subjects (24, 30, 47) . Because we compared relative rather than absolute changes of blood flow and vascular conductance during hypoxia, it is very unlikely that this conservative analytical approach led us to overestimate the vasodilator response to hypoxia in OSA. Indeed, when expressed as absolute changes of forearm blood flow and vascular conductance, the vasodilator responses to hypoxia were slightly larger in OSA than controls [OSA vs. controls: ϩ23 Ϯ 7 vs. ϩ8 Ϯ 2 ml/min, and ϩ18 Ϯ 7 vs. ϩ12 Ϯ 3 ml/min at 5 and 10 min, respectively (P ϭ 0.11 and P Ͼ 0.45, respectively), and ϩ0.219 Ϯ 0.078 vs. ϩ0.077 Ϯ 0.017 ml·min Ϫ1 ·mmHg Ϫ1 and ϩ0.151 Ϯ 0.073 vs. ϩ0.116 Ϯ 0.024 ml·min Ϫ1 ·mmHg Ϫ1 at 5 and 10 min, respectively (P ϭ 0.18 and P Ͼ 0.65, respectively)] but these differences did not reach statistical significance. Thus it is conceivable that a larger study sample might suggest enhanced vasodilator responses to hypoxia in OSA. The lack of skin vasodilation in OSA and controls suggests that the hypoxia-induced increase in limb blood flow is primarily directed to skeletal muscle. Although the level of hypoxia was less severe in protocol 1, the simultaneous sympathetic nerve and blood flow data from the leg suggest that the forearm vasodilation during hypoxia in protocol 2 occurred despite an increase in sympathetic nerve activity.
Our finding of preserved hypoxia-induced skeletal muscle vasodilation in OSA is at variance with a report of reduced vasodilation during hypoxia in some but not all patients with OSA (40) . The discrepancy between those data and ours likely relates to methodological differences and subject selection, including a shorter duration of hypoxia (3-4 min), maintenance of isocapnia, the younger age and smaller body mass of the controls, and the method employed to measure blood flow (plethysmography vs. ultrasound) in the study by Remsburg et al. (40) .
Because in healthy humans and in patients with OSA, hypoxia activates sympathetic vasoconstrictor nerves (13, 24) , the vasodilator signal evoked by hypoxia in skeletal muscle is thought to be metabolic in origin. In healthy humans, adenosine (26) , and NO (3) have been shown to play important roles, and in animal models other factors, including prostacyclin (28), and endothelium-derived hyperpolarizing factors (EDHF) (46) , may also contribute to hypoxia-induced vasodilation.
In accordance with prior studies, regional administration (by Bier block) of the ␣-adrenoceptor antagonist phentolamine unmasked substantial vasodilation during hypoxia, suggesting that sympathetic vasoconstrictor tone markedly restrains the increase in limb blood flow during hypoxic stress (30, 47) . Consistent with regional but not systemic ␣-adrenergic block, regional administration of phentolamine increased basal blood flow approximately twofold and did not lower blood pressure (30) . This effect was similar to that achieved by regional ␣-adrenergic block produced by intra-arterial infusion of ␣-adrenoceptor antagonists (47) , regional (Bier block) administration of the sympatholytic agent bretylium tosylate (22) , or regional anesthesia (16) .
During regional ␣-adrenergic block, in OSA we found substantial increases in blood flow during hypoxia that were at least equal to those seen in controls. Thus substantial sympathetic restraint of hypoxia-mediated vasodilation was present in OSA and controls. Because blood pressure does not drop during hypoxia in OSA, the increase in systemic vascular conductance appears to be fully matched by the increase in blood flow.
The finding of preserved vasodilation in response to hypoxia would seem to contradict earlier reports of decreased reactive hyperemia (12) and reduced flow-mediated vasodilation in OSA (15, 33) . However, the vasodilator stimuli of limb ischemia and systemic hypoxia differ in important ways. Whereas systemic hypoxia may primarily activate metabolic vasodilator mechanisms, reactive hyperemia represents in part a myogenic phenomenon (8) , and flow-mediated vasodilation may in large part reflect NO bioavailability (15, 33) . The sharp increase in basal forearm blood flow following phentolamine, and the pronounced augmentation of the responses to hypoxia following phentolamine in OSA argue against attenuated vascular responsiveness to sympathetic tone in OSA. Prior studies on vasoconstrictor responsiveness in OSA are conflicting. In one report the forearm vascular response to ANG II infusion was enhanced (19) while findings from another study suggested functional downregulation of vascular ␣-and ␤-receptors in OSA (10) .
A number of reports are consistent with the notion that metabolic vasodilator pathways are altered in OSA. NO bioavailability is reduced in OSA (14, 42) possibly due to intermittent hypoxia resulting in oxidative stress (14, 38, 42) , and elevated C-reactive protein (43) may decrease NO bioavailability through decreased expression of endothelial NO synthase (45) . Preserved hypoxia-mediated vasodilation despite downregulated NO expression and decreased flow-mediated brachial reactivity (15, 33) raises the possibility that NOindependent vasodilation could be upregulated in OSA. Indeed, the ratio of vasodilator to vasoconstrictor prostaglandins was found to be increased in OSA and normalized after continuous positive-airway pressure therapy (18) . Furthermore, hypoxia may increase endothelial prostaglandin production, possibly through enhanced release of adenosine (39) . Alternative adaptive mechanisms induced by hypoxia in OSA might include increased production of vascular endothelial growth factor (41) . Last, EDHF could contribute to the preserved hypoxiamediated vasodilation in OSA. In support of this possibility, animal models have shown EDHF upregulation in NO-deficient states (2) and, conversely, an inhibitory effect of NO on EDHF has been reported (34) . Whether EDHF is upregulated in OSA remains to be determined.
Several limitations of our study need to be acknowledged. Despite our efforts, on average our control subjects were less overweight and slightly younger than the patients with OSA. However, because the vasodilator responses to hypoxia were not reduced in OSA, differences in age and body mass between the two groups cannot account for the lack of a difference in the vascular responses to hypoxia. Another issue is that in both protocols, some subjects were on vasoactive drugs. However, because this affected the OSA and control groups in both protocols similarly, and because the individual responses of these subjects varied similarly around the mean values in each group, we believe it is highly unlikely to have influenced our conclusions. In addition, in OSA and controls alike, ␤-adrenoceptor stimulation could have contributed to the vasodilation noted during hypoxia. Whether this mechanism would have differential effects in the two groups, some of whom were on beta-blocker therapy, is not known. Because we measured total limb and skin blood flow, our data do not allow us to rule out the possibility that blood flow was preserved in OSA secondary to flow redistribution within skeletal muscle. Last, we should acknowledge that our protocols did not model physiological events that occur during obstructive apnea during sleep. Instead, our intent was to examine whether the frequent nocturnal episodes of hypoxia that occur in OSA, and are thought to raise sympathetic nerve activity and chemoreflex sensitivity, over time might alter the vascular responses to hypoxic stress.
In conclusion, our data demonstrate that despite high basal sympathetic vasoconstrictor tone and prominent neural responses to acute hypoxia, hypoxia-induced skeletal muscle vasodilation is preserved during wakefulness in sleep apnea. Because regional ␣-adrenergic block enhanced the vasodilator effect of hypoxia similarly in OSA and controls, we postulate that metabolic vasodilator mechanisms are upregulated in OSA. The precise nature of this effect remains unclear and will require further investigation.
